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A41: Introduction 2: Inference and Modelling
J ther than a description of a single picee of research, this Is inore In 2.1 Preamble - the digitizing facility

line or a collective report on %nine areaes we've bceen addressing in Our apoproach to rule developenct begins with hacndl synthcesized n
re isarch ice stereo mitpping., -fflehive been developing tool' and ioitctl eer~deg itt ehv ytru o h.xperienenticg with machling strakegcs that will bugildi to a rule-based *0" atcirti dedu. Welaesa~ne o h

stero mtchng sste. le puticlar.~ lavehoeailt( 111titc generation or edre data (ice. IMarnorit 19821). rh'ics data,
stroia-in yAn.I priua ,f ae en ext racted frontc a ceehiciently wide- selection or imiagery types, gives good

a) demonstrating thre design andi the utility eel the rule-based inisighit inteo Lte culrrenit Capabilities or aectoonareed processes. Automatted
approach to suerface Inference fromi meoceiculnir Informcation pcrocesses, however, ;ire not. able pr .ctitly to give ms meeaningful a
through tihe heande syncthiesis of mactecing stra.,tegies; dclrri ption icr not irrinrge rue we weodId like, andi have not been designed

to provide the aggrt'grated nlestractionit re~seairch syceces (1lowe 19821)
b) dlevelopinrg tools to support n meapping interiertivi' teset raellity; will Ire soon suplinlg. 'lo bridlge this ire uleqay, we work withc both

nuctofn~itiriely gv'rerred data (tit( current stacte-of-thec-art), and hand
e) experimnceting witi' the Illaket 10811 stereo eceapping systemn, generated danta (rcprep-.rentive or thm neet generation of edgc analysis

pcrepcarin~g to rune it on soine nlew iin gery. p - -. - hroreccecat). The hiand gee'rated data is otAl ned frontit a manu ially
operated eligitisil taiblet. We have written ia graphics- hrasecl digitizsing

Ine a), %we have" been carryileg cent rV'ercl iticced ret the aecalyceis andu ren( iee ti ig systeie Lo ren ccWi th a C 'lCC talet ii% prod icing Ltcese
syni hsis ae ricdes tier ie eecre oe r ri'c' 'i niecesiecerl shape front eirglo inie d'esc riptlions.

ieeeagc'r. we baeei ln'c'i mtlcresnigii icirirenice'cit ecere-hilng rents and
the' ace cit cec'.-i'i ccenelyiis leith with tleeorctirril iahnyus ciii n igurve 2-1I lelow m~s ii nagriegr pair or it biuilding Comprlex (referred
With hicld andii eitorriet'e l rhysve: or speiei trrte'hirig strategles; Lte Lo its Lte Saie'rarreratc irinrgtry). Vigrire '2-2 showe the resrelt of tablet
:atter .- ptlie'd to hectte reacl ccii synticite'ei irnuegr'ry exampiles. Tfis edge extruiuci tireo thee ima:g'es. Figtrre 2-:9 showse Lte rereultre or Lte
icefre'oe cahlm hets appica':tione icr i'onstrneiinlg tentrc for nrcrtchcs le Mn NAnini 1110 welr tor INl c1 rireirt I10821 on .Che image par Manurally
"to-rectcf'hiol~'c'' iire'rnteil 'lge rhretr wine ierodiidc uing this re i ly for 011. iciclys

r rule syrtlthesise or reetitr 2. It witsne s elsiedr tic digitize the burildeineg
oecr wtirk ice idevelcpieng tueols lens ec'eetereei ccc: etine rf llire 2.1 for iljirit to th.L O'IV i1rr 1er 1erdiCCer, As igtre

a) a Ay~itvni leer tIer' hndc conecraiec o ricehreee erlg, eertiletinir front e
iherde copy icre :gety;

hc) ani inti-rtivle sysemn fior ilctrrr iinlug thre trnsfrifeee tee lbring 2.2 Data ror Rule Synthesis
ircte' paiers initicollinrrie epiplcclar rc'gi.rrtratirc. We hrave obetained extended edge data fronr h.and arid automated

procesing for use' in synthesis of matching rules. Results from ear-ilotic acl tioci iools enineke extensive cirme of inrcrctive grapehics, andl lier work orr OTV arislysis (orthogonel trihiedral vertices) have been
tic,' lac~tvr iher miccrh adivanrtage cef peviriers sitereo rt-seartcl froir ourr expeloited [P'erkins 10081 for role formation it shcape iniference anti in
labeoratory (l( ie'rcry 1 0801). cornstraining search for correspondeeec. Wce hcave taken examcrples from
fItre), we leave lei' iilcilirtakilel tee appc~ly the( 1lanker 111811 systecrr to thre modelling of generic structueets to produce groiucd and cectiall views
soccec crew iecngery. Ire tis we liolli toe dermornstrate its effecctiveerese, of at building compillex, arid hrave used this, rue well as othcr data, in rule
to expo1se its I ltationrs, nin sieireit beothe its role iinr ntil avariced synthesis.
ma~ppuc1k systefc aced c'oeeileniiL'ce'ery re-venrc needed-i to imoprove itse 2.3 Modelling and Vision
utility. Significanet rest rcictring of the system was ealleil for in erneiblireg
it to pctoevit tir new imragery. Detils of ticee chnrges are described 2.3.1 - Xfodcllin'g, precjtion an-d interptat on
if) sectioun -I, wichi 110als with tite 11eitle Process. ModiM'C,.tiocc leavC
meow iceen ifteleeerenterl, eunehlitr the systemc to: or roure, one of the perirmary goals of research in comnputer visioni is

tIre' eleveerpercece of sys~tenis thcat rae ri-cogerite aind locate objects ice
* rmictiniren thre ouetput of ace imnprovedl edge operator irrneges. In oerder to irlentify such ect iobject, it is rdearly necessary to

IMarcceoce 10821; leave soerre diescriptioni of its chrariictrriistic4 that can lee detected in an
" use edge. ezieni as ote of its parameters icr seekinegirreeAcpccntcinoaroeeti hefonti lneitienak,

optimizedi correspondence; One iprleonch to reprienrtntion is to prorvidle the systein with three.

* exuploit prepared traniforc Iniformacrtionc icr processing elirrnrrcioril models of oecets. Roctationr of these niocelst will aollow
cieges whovire eoipolreir lines are not colliicar with the objects to Ire obiservedl, conrcepitually, fro ierrllTering viewpoirnts. It

maningnom o th cmers.patrerirters htr a prtire atio rrroelc aire aclloewedl to vikry it is- ipossible to
scamenir axes o the camras. liitve Llent ieirege'eele ndl rephresent a whorle cle.'s of uelj.,rts; constine

We will describe ru'eilts, in these areas ofthe research through dIscustilon irig Lte' laineeres lerrctioeis to ehelicret seih-clrueses. Fuerthe'r ceodrl
orfithe eliowlieg: esuclle lri ch itsrru paorti tireci Ig ind p rojectine n lie rifesee to aidl

IIe ciaep icg cioir' tic len rrgc'ry elatit. 'lhr' Irhir r riatioee rntlteil tit sucha) the eormce d ge i e r irptlnsi produee'd noting Lice (il9gi,13- oeclt. rioeelhi 11111y lee usedl to de'ternle lii i le iceterlirrtitlocrle of
ing frieliey aind fromen areactocecateul lroer's [M rericiont 191121 l1ierge' fre iire-c (e.g. enlgi's, ribboncis, cc, nuts) actid toi providle feelkack
Ire syttibleeg neeis tior xtere'c matching; toer lelIt tIre' locuitionrs of such feAti es !it an Irecage,

ho) udeveopmeent or a nyste'rc for eplicolnir reglistrietloer of Ireiate,e ACRONYM lBrcooks 1918116i a tre'ic'ciicnlrtelcleameul cnoiellifitt/
pcairs, v Iiler syst'rc dhevelopedl here it S tar rr lht perovides, recroceg other

r) modificationes to the [risker 10811 stereo stystem (results later).; thrigs, seuche feietr redlelni , lerodilci rd enit iirred Imuage Inter.
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pretitin. Thre iiil-h:Ls operates Oil li t oolr'ls and oil tile senlscil The work on cube corners points to additional usefulness for a model-
rlat to accomrplishi itei. irrlrrprt-tation. Stich a rihliursevd alpproaclh based approach. OTV orientation analysis (Fromr matches across pairs

hasbeni.shon t Ie ii ~letiv' rirriforrorrirait rirl n-ach n- or views) yieldis almost complete soiltiion for camrera parmambters;
[1lerrrerntatiolrr, and r1lowA n-any iriodlilic atioi airrlI adduition or new rules constraints onl sizes (again, from ru les and models) could con pfe
Wi thollt I lie rieed Of altetrig tLne un derly ing codle, the camera solution. I But tire orinitatin inform ation yieldled by a

Our group'is irntenrtion Oiver tlchex t few years is to bild u a rule- baseul match of a, pair of *'ertic-s is valiud only fr the vertex is a cube corner;
stereo sysi ciii Operating within ACRONYM whoseit functioning Will iii- thus it is riecessrY to bt ittale to distinguish buetweeni vertices that are
cdude irrotlel-bmwil predlictionr. Working toward this, we have been car- cube corners arid those that are not. If the inctodels contain sufficient
rying out experimrents oni scene iriference arnd iiodlel-blraei prediction irfonrYTmtin to identify cube corners, then thre problenm of determining

tha wil endtoa rpeloie o sermintehgruls.cub le coner% indiependienitly oif the identif icaition process is eliminated.
thir wil led t rerrrinireof tere tr~ntciir rues.it, fact, both the search ror cubre corners arnd tire search for idlentification

9.9.2 -- Model. andt stereo matchsing are likely to be reduced when they are comrbinecd.

Orne of tire major difficunlties ii ideteriining sterev corresprondence is in 2 .8.8 - 0 TV rn1.-based analysis
ceraling with thre large ininerrle of inatchesi that aire possible. Solution O'1V thcory
is genriarlly found fry search through a laurgr paramreter space, where -_ ___

osbl orsorlicsathutdrygoreicolnitiitico- Iii culftural senues, we find a large nufrirber of interior and exterior
ntraint.i Searrch cast be reduced even more nlramnacally by endow. coriiers orf ribr typically whlenu two wrull-% at. right anrgles mreet the roof
irig thre mantcher with brnoad ilontiir specilir arid ilori nin iii dent or Ltt! ar'1 lion. ih ipor tanre of utilizxinrg t Iri cornlirroi structurnal (le-
knowledge. Suich k iniwlIige carl he ritle-ruserl anu rdr--rie Our rt t ir OrtLiogoirnil 'Prhned raii Verc ex (O'IV ) -hIsm been eiii irnmsisen
propoisition Ire. is that Liii' tlire-dintiriormnl iniformrationi ill object earlier Iliem I 981 . Since they pruvide it very tight conistrai nt tire
moudels, nlong with inrreugre anti hired letioi riitnclarisrrs, rail be used tiirue edges art, iimIly ortlirgori ii Iii space -it is postsible to aiurin
to interpret feritiorr iii Imiage pairs. Th'lese ii lr~iretatorns ran then re Oihe thrreet-ilin innii onlrturtinris gi venr the Irrujectiori n te lii ge.
isedmr all fiters tor conrstrarini tre srnatchIinug. We dferirorstrte thiIs notion TIhism cavi be dnet for broth orthographic rind Irslirtive viewing.
with th li enrsipie of Octhogoiainrr Tilir-411 31l Ver tices, nihrmi referred to as If lore eye, is nissi -ii to hi, rotnusci nir thre verctex of the curbe corner,~rube roirers or 0ITVi. Othr ruites myitlisie frorrt analymis of 110141 liermrpectve run Ihe Ignioredl aid 11re projectin rif a ctibe corner ini
minuirrily extracted arid nmii nirteul r(Ige prrocesses frol rw, X' V span-e will siminply lie Its 'irth i al priojetionr on the X Y plane.
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811Ii l IIIII t Sliil :I IcI litte 11I 11111110III- i'I t Ii !itayS It. 11 iticil 0 mill Au ii nncv Mlir wiIr Ii in Istrclglt IIIIst be tile I Inage of a straight
111i441 thatc lb rIlY art rrersule I cl y lill't- w~ i, tolcc i l, Vu v3. I W ic sgc ne0i rvil 1' 1sttevl li hla 1111111,4 obs I rc cil~ifuuilt e rv~~ er If Coln.

IInti'FvitteId lit dtti whecvilthecr thu'iem atic 1hre vectors lit XYI'X illlile, :11hII Itccll' stign Ii' widit, pIi' 111.1 Ifi cis rvaie.u~V This seeibles 011

who ire 1111 seminally or I Icgi tic cci proljct L rep~uti to vul Vg, 3. to) ci liotljc rIorresltiliLctim hIetwerni stright clips III0110 vIOW

SinIce pcroject io kis loIII41i III thcu a c iny 3 an1) i cd r~til li the? other vlew, If two linacge curves are projec.

sitch vvetors ll'u'llIt(tflo i t, Xuf1,1XJ 111 0 3 hr tiveIy toIISIileIt with parnfled, we alatu III they tire hniasm of
(1w orgOeu ~ii i ~a 111, cia~s wlcretirvces wich sifts pauracllel lic space. That Ilopflii that their

4 i tle ni vdurlo Il(,z ~rv-tonJogli l its I tihe other viecw would bic parallel i.e. parallels mnap

W-4tilring Ins'"K0~i (If thloolc110iht 'lies tic .hat the dlot prodtir t oif theseo to pairallels.

Vectors %% Call hir sI'ric. tlISI ((11111a fori nliccic! Ac it Lhce excule;il I~ isicrccte, nicist of tli( ruches ii [III ford 108I

I~cch~iliclcctii~csSi' rcci c luct Lic fur iccch~ forI w 19821 anti otler dllpIv Ily Maclik anll iiirorcl have

Wi ilreir- crolaries stervn tIile% for chleckinlg thle legnality or a
- ~----~. iiicttch, Thecy canl even iireit tile wsec r )ocess.

2.iflp hirilte -n. tht-Kc art, rule. whrilev en e)el ri

I ICIICI' %odllitlilolc exist if Litt! cAerIc) lIiagiIg hprcr('ccs, anti are it rovilrtol of tile Infli44Ing

a) cos a, roc b, rose rt1 ccll cIonl-sefo milin 'alleTICil(1cli ,IiiI11.log efludro

b)1. eihr o r the tCoa ol s' celie ngtvso thllfidin~g sLerINI CttCrsIpcdencils, lic Lie epipolicts tule - cot.

h) ether a t hriesuner of soare ootsgnar positive. ln responrdinlg points niust. lie on correspondcing epipolar lines.

the ucirtiticc u~de thecliuire oot.cig cit jI~iti~. These rulesc haveY inhierenitly 11o cnonocculir analogs. Here are a

Thi-ce results were first derived icc 1llerkins 19881. few:

Tihus we' haLve' a wicy or hoLh eliiinatiilg false cadclidates for being ai) Iloristoital planes Ii one view get snapped to horizon-

OTVc and Millin~g Lilt, 3-1) oricIntclionc of vcii~i m)lvs. rilis cligoritlhin Lci planies in tile other view.

lins bt'IIll jlliiptctl cald rule oil da1tca frt (lie iiitin ic ablet. 1)) Usie of projct ive canti quitci- projective inivariants. This

OTV wlthj/rrom models, lilts not been exccniinedl in detail. lDuda cand IlcrtlDuda

Occr ccnlvsis begins onl iotli iniccges, pIrocessing Ilottoin cup on tile two 101731 devote it chlapter U) this topic whcich hics not

iilagt 111tlglcclly. As Lict- rlei cymt'iri itllitiiies IikvIY O"ts c i iniage really been expcloited Ii stereo work.

(fron i ts iioi-ih), it prIfIrcI'S'Il 0 In icitch~ I
1
icIc. Tile1 8YctLIII 14110111(d r.) Coii li ioili oil co rrespon)Idence of edlged nnII surfae

alirea:dy ha:ve tiit tii I lIilt idel'iiiIii~ or 1ccLit, lic b 3 iilifings c iing Lice icctcrvclltArccoll I 980).
OTVs, so there should lie relatively few possible mastcee a ccct this poilnL.

Only OT~c. thact cold be the caine poIint on tlce csinic object need be il cifcc'(kui k&dss
roiiiparell. Tile ancilycisi results Iic djepths of inatriiecl objects, for all
ttie objets liccilIg ()TVs. SurrecsC' vidilli it, chiC viiew (:if, Ice ccchccdd ill tlce

olier view. We4/ url' icctI'iis!II ill Lite conditionsi whieni
thcis Lcakes plaice. Th Ie bas:kic hlc:is iLlntil, if we criocl it

This requnires thicat Lice iodellinK oysten ihcandle p1ic 1. elenilents, andi sci rfncee, lilt iiscicrcitioi uuf edge (hfci irs. A left, ccstcirer

kha~t It Iniccle both:L suhIt Ill cI rillt view is visil'li icc' left view ticit-

s intferrinlg OTV#; froiit meodels (volicnes); lescs thelre' Ic cclci iictiLlc icy it icil oblject. Si ciiihcrly it
rigl.icc srfrice v isible ill It left viewc will Ice seen unicless

S cessing OTVm storedh explicitly with tlce mnodels. obsicrell by a 1,31i ulcj(!Ct. 'Tiese cclcrface-bscicratioc
rules cacn be fro ccci-xied Icy thle croetc- jrodcl title:

2.4 RuLe Synthesis

2.4.1 -_In crence rule&

live ronltitiil witil tile i'Ieeipivotic or iifrc'cccc rtiles. Th'Iis work is a e
Icigicuci vxLeiiio of ucrciccc ir~k Iiifdcrd Iq , Ii, lowc' 19821 clone cit.
8 tcil i cr iccll eilliocg rIoll- for cinfirrinig surlfcc icc rc 11:1Lioci fronct a

tile iciigicig prr I ci. havei liccc osli cto de~rive rici. for iccckiccg

.-ppiCic illferl-1iicl5. Focr ste'reo viiccc A rccclcI an,1 Ilitclclrci JA rccolI 1981]
have' flievlopcl rllccijtincis ocl cocrre~clcccciici' c nfelgo will sccrfcce inLer- For tice! hiyp)othesized edge ncntrch r., witi 11 anci C2

v:0i11, We' digvilc occr nilis icnto t wo itegtrivit5cccmleiucl wichrl wili f. we ecclciLe Lit!c /.ocicccc'cit of the vec-

cci cltic 11 srrfdc iccrc-r,-cccc frolt ;c, ijl view; ;ticc l cr~c~ wich LoI tc cros. rodk ict, in c Ice left iicge pair ani tile right

facrmiltate crcss- icccgi cccctchiii. icccagu pair. if tilec s-rocccporcelits hacve oplposhite signs,
we cure seeicng opplosite mciles of tile ccirce. That im-

2.4.- AMoncufn, and ste rers, rutra. plies thact tilie objct, is icot opaque.

I. N11o or l, cr- r IcIl'c ltfclcc whic It have bceen cl.Veiipe'I for i- 2.4.3 -Unc. o inecreniee rules in a tcst anal psia
frrc'se frccc cln-icelial, .iiwc (c.ci lic ccilisrci tci provitle cc Ocur croeiniary recicix int:ca.ci~ good poltential fr tile success of this

licc strliu l viic'is. is ctor Iitici wic tilt! rol for ter- i app rochc. Occ hcancd ini ucatiomis with li ne dirciwini of stereo pairs, the

ittic. o 5I Or L e.ils~na rctoglcr Vertiiices.Lc ihrritr rucles lieiped inarrow dlown tlie chice's considerably.

Cocnsiidir tlie incagery iiowcc in figcures 
2 - $ accd] 2-6, Figure 2-S is the

Aicoticer extcilpn, is tilc! T-jiictioc ite [liicinrchd IM1) whchl right view aici 2-Js Lice left view. Vertires I, 2, 3:ticre ortogonail trilicl

siccLcs LII cc 'I ccbote fIl emittre Ii e thle eror yci~, the Alessii vetices. Usincg hle fcrinciclcce cievelopeid eacrl ier, we rcn l1ill the 3.D
of 7' TIs not rcrirer n ce thme tcop, i.e. iv eaiceidrnt in Apcace orintactiloncs ir tic! edge vect~crs, Thiese call ble sncheud witi tike 3-D

af /117ther awayill~'. A 11111ccl iiii of thlis r ife' givest a set of ocrlitcioi orf 1 , 21, 3' I tl btinc ca regicterinig or thcese vertices whun
necrer/f'icrtler rieliitionis. A loypclodic'sixec er'ccmlcceof corincec with the eplipolatr conictrainit. All ()'li one view ticel not

edges- wliirii iccids ic inconicstenit conliclions froms (le two lie vislible lii Lice oter i~t 4. or tuie niocorticr coiistrdint, the other
viewlt rn ica pJrciel fontl t- seach. ciccjor comcstrcclcti whchl ccucc lie sieec icere arlie h -jcicctioil rule ci
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N art. pardli' andiit a rv v' and w. % 11 i i orf s %viIti !o %volihi lot Iliipoinr 11 iin it KolL o ii iiiigery Norl whic IIcli uch rie geounitry lit
liv avreIILIII. S'iItr iis qjg will1 S., lae bool, ioll Atintial IIliIII'l (its rall ho1 fioriitiom is lnt ex p1 ivily anlllii Iilt?. He re, wIe rly iio anJIi ollIratior U)
deduiced (root, thi, OTY atinlysis) andi can Ile natr Iu'd. Su rrice 8q3 in not sehi-et lrorrii III (I klig pol I I lit LIII twn iii it, Thul myA-stl uilLoiiiil-
Ilulistatl. ner otre oumlI!, tili, OnesI not proyvide fluy nw ir or ntion, vlily liIprovis Litt i liOlttm or11 itt I!!orre~poni-oi'I irmoug Fondrle
su1rravol s, bingll it it flo, In, at lt view Is not gii arantevil to ho v iKlilo lii lI! Illlitl1liv r lb II itm t cih windo1w [ In Iivry 101801. niv w - orI IifSlci
lit the o~ther view ax lII fat it is. 'rhie eiros-protilct rile couI( l lie points 1111Kis ta i Ily an1 jiliLiiiia' lvil iinterit,11 movi'! it) lleotiri! Ill, neiC ledl
to disilli"I it 111ttch betwtivil 10 and H0'. i'iliniiI Inrfriilitiii. ThIis Iii.t iILn in is dloni' with linII/X0oonl cur.

reinst, rilimllit oiyste l w jilli LIilgil thiprov iesinig hasnilici~u i enae
inth r t'ioityiii rlem kU'iiry 11il yKLili, r tiii rin rn l VIl L III i i l r ~or
if ill i i 1111t il I l I ii : o ntLal iio it it on ev~o

Ci)IIC IWIO1 ,0 citll iriK l 11111 C.J Moth i III Mlv ie t111re. 11 fct-i r lutn 1
:I'I d U.2, e190 c all:pim i~-dLtlyatnatcc m r il

verin i irva A o fl1:0l il rig III'S col. Li iii ivxt Illi 111011 pollt,t t

IL regilIltr ll~i l y tiC ofl hv po in: po nk Lliv. iiu i ma of li e illolfr nc Ita
to, I! nau-ii 'i;o~ L o,-tnr 1 801 s ditLiri t i, e re fercrng i , ie o
111114111 X I '11.101 fi ~ sS

C~ivv wohi le: s 'lC iin r1ec ith or epi 0ll 1 llW11141 Ian rociti planei
P,4ra~ ililitill tPle We!ag call: cll f h

Ipoluir 111111': Aii lane o liellihiig a w cimil'u pont.rI0 n

blongtIs Lo, and1 Kis ' ditac toI r I' lix refeence Ii 11 like~ui

L111 rlie p i l l ll~' i f it exisitsSI 
w~oevelia

Epipolaie: The intersectinor ,~it it, of pipolar lhn ine a foc pane

Conjgateepiplkiat es it: tlc inesc im fall lip one planter oft the
twoinag foal I plaes. heohe aneas o pae

Hillrpti, ofl Litt'l CloliageC if itre J'nlisawln etia
ligilte 2-5

8:poe Imae inesetongf texssoraleppta insinafoa

3.1uat Introdict.io ties tilela ineseton rml pioarpanrit h
The ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ w focalcI prclainies.te tre apigca egral

is availall.e r ihatin t of rItiet cllimtra el~tiS tereo parPair~.' li&~LA~

s~le~l' u~eben ~'ystit: o Il' 1 Rgi oration Wll ti o

3.aInrodgucntryion fti ttiolar allomeI'tryls~lgelh~a crepn 'lr 1

restl' rice acossinat 1iivs Whell licrn s rsiededlhn, sefc Inroinion
k vil able re~ l~ting Litt11 of -aiv f ater n teit'o ies r m a e r e con-1;,, aO

Klei, toI rou~lg appiriation tit). Ore her iy, a llYfandre aulto iloated4.L~9~
A stcesliurvecr been teis'ed11 tl arvie may lifor 11aliong awhenl itr notlL~is~ei II

prn t i h thlilae 'ff esy(eIllgI lltli t' y1 cor, ae er 191. hinr , l A1 ) ipoh I l u o i on Lnto te foa 11111
caelrine tr. iorpnformavetio os e tablinhin crespollmr coren] ae Ia.lI~lftl ililil) rl 11111iir l3-' 1~ 11 2 clltie n

41r1n(e or, mIio acroesst everym When1 thif has been41 tone iirc inli olgllltil
1ijage lorinathpit o i s.ieil h te m geco ecn
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tln'rt is tilt l~Irtiaula rclaiui itIhI liviiveil thu ill a ilil.4 ilul 111Ilni1 3.5 Agor ld~in Weod

$451 - Oamitra ,'cpistratian outptt

1 tila ~ it o ly i 1, i i 1 .j a e i it r t t v n a t d it l I i m M I N 0A t 1 11 ciil o r ir v w y aetm ra'ijfi'ret lr I, r e a ia a rs. ti l an t .ro l o

olt' rillia'ti with reilpa'c toi the' oth er. F'romi there, we coiplite:

*i'le taiialy ar aiiieaaitr i it~n n aroca plne1) tilt, rotailoln miatrix H1 between thle two refereitialm:

l'ither

a) at set oir parallel lines liav ~il :% Comoi n uiae'lulilar alirectili, It ("?I: r"~ I1

o r 1 ) ab t i l l e o r a h ii i i ' i i , ' i t e r .4 e i'i 1 o r w i hI t i e t -p i m v 2 ) t i t, L r i i al L o n u ni i t v e c t o r t , t i l t -c a n i o p o i t A o r w i si d t r e :

3.4 Requiremetsa of' the System f ntl as.OT2 ntl m 2y
C'iVC11 a pa3ifr ofSttrO ittAgesl, We Want W4: *)(V,

1) laletatify the kioda or' vpmapoiar geomnetry lpri'senit ill the imanges; Note that tile niagiitmaae or' thle translation vector cannot be determined

2) eXplicitly sho0w the a pipuilar tilt". 6clotiifii; to each imiaage; f'romi a pair or 111image.

3) ror each jo:,%a, coanot Lli paramters whliich relate the 3.5.2 - rEpipolar fjeomf ry determination

orrigina iiihoordl ilates Ii~ tile' eliola 1111, ioril Iitiates; Theo rocal pilanies' P' are laries pa allci to 0,Zy , ilitersectuig OjZ at z
J,, tilt focal dist~u:-c,'. Thiere is :iii V'pi ple in IU plae, it and onl it thle

4) rtarit atit- illag' tranisfoarms ill vli Iolair Spiare. tr~ail1;tioii vectoLar initersects thais plane, that is, if alnd onlly it its third
cipl 1 olnilit 'is not zero.

We~ th1u1 iletriili the citme we are working with:

it 0~ it(] n a t /~ 0, tliera:, ire Iwo enpanoes: CASPl I
ir I) wil v114 o , Llaca' i am e'ii,Ole ie'i CA S R, 2

ir o i ni v 0, thiere, is oaiie cpipnole ~ CASE,~ 3

ir ir (I ;,fill t, fl, there are lit) epipolvs: CASI' 4

a)~~ 0 is ra'phlaaa'ai iliehr coiie by 1-y < tLirstiaaIi, where

thareshldla is rhlosa'ii Ii a4 I'lliiiai amr the' itiiletic prir4sioni
err lie oitiaiiiie: ir we. liiil iiliaiiti' iarv'rsii, thea'i We could
rotiiiair evafy case las bing clase 1 . Hebre. threshioldi .0001I
Was faniiair to lie a goodl einiitare.

ia) Muist iimauge pairs will Itlmr to thei first case, wvith andl V
or Ltia oardear r .1 . 'Ili,' elpipolt-s exist, are oaai smide tile gictire

arI'iaie, aniii, faor thea iiiajga's woarkeda w~ith tao atel, tenia to lit! at

Top view air it mi tititol wa TiX- oly de epiaoil ime o bo,1 imsLepcutndnvii

Figoirc' 3l-2 .3.5.3_ Ipiyol nnd epipohlardiretions

(wh.. , ~tsbe If ir le e,1ip~ole /,,, exists, it is tire exireility or thie vertor colhilrito late
*-srW El -- L EL tranaslationr vecitor, with a thairdl ioliolii'ilt ealial tao /. ir it jloes no~t,

'Sii %thieii thre trari sltian avector is thea epiiaola r di rectioin. I lerace:

- ~ EC('as'e 3: V9i2,IJ 1i2 (.- -)

Clime 1: Vi,I (0 '

3..6 Eipoar inc calculation

3.0.1 - CASE 1: two epipoles

7P n) thecory

Lert Ma (xt i, -I) Ii', it ploinlit Ill 1 . A', All dcflries am epipolar title in
1'usg, view o(r asit iLion Witt] r'pfurl Pa, itltI, ror rend.1rainig hl?.~tM2 aleli iia lilt, ei'ljoglita' efiplol ar line In

I'igure 3.3 P2, T'le Irlrii' v~ 02, IA,/A,, Atli) roitinli tile tralirhatioll Vetor
I aiid I All . ItK normrul Is A' At, X t. 'niv' nornml air t,, is 0 a, i hence

P'rior to thee 4 ilte'pq, we' will nerda to solve' for tile rameamur, that 18, thle literiaectrni cit the twoae ic s given bly time vector:

to deeinae tile It Itariaiat4er clierilailg thir relittv#' orienautionm. A
proreelesre a'velopleal at St:,,lrard l )eniairy 1118011 i ired for tlo. 0.,.- x (Im M, x 1) - (Ovir . ON2, M, - (Oll~.- 1'.' MI)i
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uid RIA/AI Is uullhiiea rit thI vitor, Slpp. thai hi Di ao K1 Al1  tif ."e with tfi lils, (/,, l0,). 'rNiis any int rwilalnhorl In thi phlan

( it ). Il' tuIaII i f f om ghPU.'nta i Nlav: will Iilim .rs'e , li t L IIiI rI.0iiiiir,1 II ., h i.I rtirular, c usiller Uhe
IlliIeI Io ,i' driwl tlhrough 0v. It iitersct 'PI, III, .'T1, *t Al such

-- - Il, + mYt)
fNr 

lI " - 0 
em 

1 l (rb.a:, '" + rtlyI~~I CD. (I, rll + r,,u,)

RI All x I III-lmn i r e OJAI, tu I A.WytJLP
'o1 4 nI ollinear to: krabal " h'''-, n*

xrio +rIIIji)AI - Xrj

- " r & i v - ptrl___-

IiI ti llesa e Wiy as In iae' I, We IIIit lh . I,(/i , 'l ) where, VI(. r

Ir we Wet A be the inttlix: ro.so,xv -. Miuv), Then Ii, U is 1'li1 ne4l by (A lh VI), w'here tie rout.

diiLeti or Al3 lire

r l i - X r b P r i 
S - -N r 3 :P.r~e, - /ar3b i~rij - l s)/l~ l~ hlaU ,f 2ars -1.:? I

T h n we ran1 w rite 'j AI2 =- .l All w l.ere I..l', iA I , ae a O bz and

A'2Al \ts ba ,

P,

Casie I
Figiure 3-4 Case 2

Figure 3.5
h)_ l~r~thm .O.S - CASE .9: one epipoie E2

Let NI be the number of rpipolar lince thaLt we want to determnine.

Earh rpipolar line LS uniquely dieLerinined by the tngle it makes with a) theory
the z- 'is. Let 0 Ie this angle. (iven k, th epipolar line number, Let an epipolar line in PI be define i by the translation vector t i V
0 < k < nl - I, htow ran we determine 0? IIr 0a arid 

0
L are the lower lnd by a point All we pick. In It, 1.2 goes through E2 and is collinear

and uppwr ihnits Ibe.tit en whicl 0 is allowed to vary, and 02, o a vector R2M2, intersection of lt with the plane (02, E2, Ali). This

then we will rhiome tie iidde of eanri, iterval: 0 = O0t (k+ .5)02 iut pl:ane is orthogonnl to 02A', X t and A, is orthogonal to 0,:. 'llence

what arc 0O and 01? Wit have to distilguish between three cases: the intcrsection is collinear to 02: X (02M x t)

* The epijldh is ins the picture (very unlikely). Then 0 S 02 1 = 0201 + 01
ran vary Ixiwren 0 and 21r rndinnA; = kt + 01 Mb,

S'rite cpipaie is outide th' image: there is a minimum 02MI X f =1 O AlI X t,
rind inaimnn angle under which the inage is seen andi 02: X (0M 1 X ) = (02:, t)01 All - (02Z *0 M,)t.
front thb. point. If we rhoose these itoh's it, 10, 2cr
thn ntost of the ttle every 0 C [0O, 011 will define a sipipos 

0 M : (Z1, n, /fi) in oixy:. Then in ozyz:
valid eiiol:r line in ',

0 The exgception from above Is when the eipole In left- 0 - -ri4ri+ryj

of the inage hut on a same vertical level: then 1Oo, Oil 1 +r 1 reyi 4- r3yi
cannot be connected and still inluded in (0,2pr]. In

thi eae we will choose the angles in -, fl. A,.AI., Is thus rolllnear to:

Then I,1 will be defloed by the point, RI and the vector Vl(roaO, sinO),
and ,1 Is defined by R2 and V2 - AV,. - ( *,(,.., - .o) -(. ,n - rm}+ In('n. -,., - l./ L=( . - F I. ) ,('' - F. , . . - ,)

5.,. - CASH 9: one epipote X' 
2
1,

S) Oira Ilenre, If we, let A hehe snie natrix as Ith CASE I nl O1"3 hbe the
iu11'et nmatrixa

Given an eplpnhar line , we already know that the corresponding

epipolar line I., In I', is rnllinenr to tie vertor I - V(,I). Ilence we ( rts - Xr33)
Jlst need t AInd a ;oint bIelonging to hl,. ;lenrly, 1,1 Is tie IntersectIon U.'r, -t
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T ivo e jjvt' Kj~ All, ll a S.0.4 - CARSC i_92*ppoe
Wholl, 001 IN Ilk sit, twir And K0,111 6wl in IikiMI Oiv iii theoay

bl. ale.01h~t~in Let ,Iti 1,'pljrn,ir line in I's , thi eilwd by the tranailation vcttOf -VNao, hoks tillm w- irk Al iiii all. lirut iii' %vs waist i t ir N, 'iiiiiy iaiii ly it polg, At, we pick. l Inll, . gos th rough the illaW of MittIlt'iil iliipihir lint-u, Ittil it ihlhleai voloplltivoi'ii I li ik pits Oil till? thait Ill the ext remity or ai vectr rotu near to 0I Af, and who..c thirdit I liff t-tppalikilr jmg4, ArUi loiit, lilrliguiital, or t Iliiglt , e srviit lg'l Cijilsmu 10 ft. hI lisie 0O :pa, 01 At, -, Ya.IiV, In base ot:va:
i Iaittgit, titt-it is will ik 'vj equalliy Kiiirvi pllgoiuil Liii. vt rigit
aal Oialbly lrttilits Ii, io f cr ti eoitit ti ie. i r tilt. eioi nt, i ol -o liii

aft- loot. vitrtiil or im iii inag lore htn'tiled ll w ith, then we' pick - If t -,+ ".-W)- j
I~ tlt-i t-piiuuimt Ifiirlrioji: 01M 2l -1 t nl + rv~ fi 02s Aft ,,t 4: sas+,l

It VJ, < V1L., Mall Vi <0 we pLic+~k 9A rizi +k rzlv + r33fl) f

It V. I., <~ It, ani V, > 0, we pick hagrtr
vIe Wi' pulk polii sil tlo- Knowi' it ioiniiiir six !it rim 3. Then we calculate

It V, < VirL,, And Vy < 0. we pic , O.- Af I. i i ldiii id iiovi ii i wi* in ii Lte ( h iI with l(~, )

I < '- al V1 > 0, ve pirk ~nd''tnt~zlto~~'U ~ 1 F~ b .lIiurv 3L-1 moi ; i t KtvrvU paie ir ol r it wliii iij UuinpI.ss. Iigiilre 3-7 has
ra ( I. I+ ,)( v th~ L is i piuir svi rpzii iivi with i itiKL or correuigitiolinig epipoluir liii.

Figurt' 3-8I alows thei limigiery ifrit- ou ii LIa I t pipohir liliesi ArcThen we liweed n., iulilic nteii Above: horita it II the iiage. nd ii ioijaigae eliuihir lineal hiave Use larncl(At' V1 i) is uuuztchiq'u with 1.2-(1"., 1  '2A4) riiw rnumrdtiiibc,

Snc,,umento liuiding Image Pi'nr
i'igiirc 3-B

F'UPiP* Nors~l in 01Ima ungery

irt;ire 3-7
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pitcaLion, An oittr ititivi' woul hui ! to itrrtam tilt trattsrorntcd ifligcs,Automalled Sterdo Mtapping iiuittllt fis arcitrtuly fx ptossible, andil iti the correlation in tile rectau*

4.1 3lACkround ui lit I opnll deiniP b Iy coiii iietr egiipiiiit i is.I lhe artgumfetnt from edlge
orro riey Indiratteil t hat Leniosfori, Iig cilgei rather then', resarnphinrg tile

Romtal front our laiborfttory over the past rew years jQuum 1971, lttiint, witi tlt!wily tit got; this iirgint fromi iiteosity correlation slig.
thumatb 197,1, Mitoravec 10DM0, (kuvry 1990M, Arnold I1080, Blaker 1981, gests that the resamtpledl luinge rane heo useful .
Atutoid 19143). have demonstratted thlt pusbIlilea or booth itraa*based Anitir imtplemenitLation dite su pported tbIsm ow or both tranisformned
ad fratultaw d stereo muatching. ed~e and6 triiisftr iteti itt sigery: iL witst rd thiat Lihe lIntensi ty in-

Ar ie to matching ust.- wintdowing nicnhn oIoae frmailltlion avanalitit fromt Lt(e Ma rsiiwit process had to0 s1ni A balfil
Aru tsr ic nat o rsirreain rlr-or trofitl- fr tusvii cor rt'Iitloii, anid in fact, oir truiitorioid edges, lhod little

35in r nk tw-iiotina. convorlut ion. peraortu (ead terok gratcIn relevantce fur the itclii ig (if, bhi, iensolrei not aloog epipolar hltfl4,
laguw~%a~uln~uensuna ciiiolulot oeraors(autc ,cha los bittoirtnd to the edlge iii rcttiit). Thle trarisforie ci itoage had to lie

operators) to ot-tIuci it uiige to a1 diepictioni Or its, intesilty biountd-
av" vitich calt theti le lul into cor respondteince. Area. hiuted cross. rtIf'reniiii'i inl by' the iiysite it Loi o)1itii miore KIil ifiCtitt iotersiL CyeH-

cortelatio tech itiques retloire dlisti nctive ti-x ture withiniiLthe area of cor- tin utes oriented il ong li polar linieis, an d workinug with iite im age iii
orriat ion for sucree'fui ojteratioti. lit genierail. it breaks trztck where there ep~ iilit spc raiii iLatet tids.
W61 iou lca cor relt'ittii (acTo tkignaiti tir whr itir wo oniages ilo flot car- The pilotsophy of tite stereoi inai n liig process litre hand beeni to use
"citiod. i.e ccluisions) or w lire tilt- cor relation is iaiiliguaous ( where edtge anialysis ror, tiliolg othier Linrgs, its hiigir r . nodi to ioc

tlei tigiiat Lst repetitive). Iintetisi y an alysis foir tife ooinuity it prov id's. Tioi . ouisistetit, with
of Itilippung Li i, Wie wanted fro lowe Lit(. liighii'st possibtle acer racy for ediges :.0

l)eoi~tids ormpigin cultoral sitt's unt iii locales with srface discon- i'liliiiiar spaice, Uiid it sairri lice he iieed for simplicity , to do it wi ere
61liaity istil hltbigtoots or non11-vixisten t te'xtutre' in akc it essenttiatl that, it least deg~radied the analysi4 in tite initenscity correlation . It is ck ir
if :trva- itsw ainaiysis is to lie tdonet, it lie doine in oilj iictiolt with titi, tr frisoriiied erlge give hiigher accuiracy tItan edges from traits-
reat itre hitsvid naavsis. Prttlare- hitsed ai ta1is prov'ides ia solutLion to ti r iiidti gs(l-% ~ llIit i githtciag i a i iitlilntoti
rtaity orfte itroii-uns or rtirreh, ion. I rir i pa atoing is riivaoitagcs sigiicisantly red li eil); ;til( imiportaLii smltphificatiuii s coul d be ohbtai ned
is, that it opt-ratis oo1 tile most ,iisrnuit itle plC MLit Or an iiiage: places for litLtle liss by dioig Liii' initeinsity correlatioi over the resainpied
thuk are tliititoctive in their ititeosu'ity variaitioii, anal where iocaiiiation iiig ar 'isni:ntciaic torpasfrLt eitration :uys-
is geatest. Thtese are' typicailly tiii- bhiitgtlaries Itetwecit Obljects or he- Liii: It pair. to li oiace Iithais tin or ln riorb bt raiusoi

it~~~tm itint had oloe iso ortus lietweetin informationt bu6 rtranskfroriridd
li.~c unptrtlit o olirs, h r li'rttte objeiis aint ithir crooeii itiages its well, Bthl formrs are nuade availaible ats output tromt tile

for~~~~~~~~~~~~~~~~ .l'iI sinte t i'liitdiistfuhjcs.ae-uvi nayi registratioin p rogralli ilescti lied iii section :1, and ife enihlanceid IBaker
i6 kt its viorst ait object itjostidstrivs, yt dteurmuininig lttotitiarics ent i b yten ss lei oh
.iil ito hn' thte ottist itmportanit ptart of olip Iioig iii 3-spacc,.

Tit.' Iliakir 19911 syst-in 6s themntly ciirrvtt ystt'tt I~oii, mtixes these two 4.3 Thc Marimont Edge Operator
on t lit iotlahdl its. WeV hatvelien w itr iii itg it apply Iing Lht I systeti to Tile Miarirnolit edge opecrator loas greater detection and relilability titan
zunic en it .trd scoles. Itttfrtre carryinil;titt Lthese to itlyses we wisheid to: the origina I lnker edige operator, aiti sillar localilation; earlier ex-

a) enhlaiiev the systemi witlh a capability to wtork with it better nolples of its prncssuit onivin ced %it thait its cotutput would imiprove
r~gropeato INariton 1921;the qunhity of Our stereo recontstruiction, Its aiitiy to track %tloing zero
lgt' oerato [M a iltout I 8'21;signal areas in tiullowliig nero-cross4ing ediges leads to mrore cohietentI

to) cittihle it to process ininges that are not graced with coillinear lii lgI' descri ptions. [Maito ot 19821 lpr~v ile details of the otperator
t
s

epiptilar geometry (i.e. muost in, ages); fioni.tioitiiig. Ronughly, it works ity COOVOliitg ;ii t X in lateral inihibi-
tioni founictiin of n X n cential indiiow with ;ii imtage. Ztero crossinigs

r) introdutce an WidIitital4 correspondiene jitsure edge extent. in thiis tesuuitnat intiage thieiin idicate edges, ant ike edge position is
tlietri nd b y initerpolatirig over tite lateral I ilillition surface.

4.. pjpoar Registration A fewy untantticipiteid problenis inetce apparent once work with thc

To imiplemenit th~,s enhaincemets requiredl substantial redesign of the edges was li'gtor. One pinrt, notedi above, wasm that tile intensity
system, anth retdesignt cycles with thle Mariinont process. Chosing use- information stored at an edge (its left and right boundary values) had
ablte data also presented difficualties, as the only imagery available was quite small support (a single pixel). This is in contrast with the original
not of tin' correct geometry (see below). The two image pairs initially operator which interpolated for these values in an area 3 pixelq wide and
cltisan (the Sacrahiestto apartment compilex anti at section of some ito- removed otte pixel frorn the deteriiined edge positiont. Another problem
ngry of NlolTett Field) piroved, on closer examinattion, to require quite was that thle eidge connectivity produced by the Marimont sysem can
complex transformation, nd could not be easily adjiusteid for epipolar bie mnisleadinig. lItetnsity significanice was; improved by siampling along
processing. epipolar lites in the transformed iniages. Tihe connectivity problem

has not been hooked at. yet. Good connectivity is inhierenttly dlifficult to
In general, to bring inmagery diita into a properly tranisformned state achieve with zero crossing opierators. Refinemntstt to the process are
rottid proceedl in one of two ways: being considered.

0 one could determine thfe transforms atud then miodify .1.4 Edge Extent
the imagery, proluseiug an image pair hay lug coilittear
Ciiolar geometry; orThe introdhuction of edge extent as a parameter in the dynamtic pro-

of graoningsolution was ant obvious fallout troim using the Marintont
edges. itlges are output by that process as strings%, with 2.

* aop could deternmlne the transfornms, and modify the coirnecteeiis, The maeximuni ani] miinimumi of some strinig, in trans-
otrtpt of an edge operator process that functions over forim space, is it irretsure ot its (epipolatr) extent. lior to thle lane of this
the original imagery. liformnation tite ouly way that giohial continity entered tile analysis

wats through at con-sistetcy riftrcenicit relation process which cit-
The. latter ini by far thle superior approach, as it avoids renarnphing sitrei thiat edges coinrected *ii one view wvere literpretei s coniuti
thu. Imnage. This nipproatcl necessitates Incorporating thle transkformn lit 3.spnee; all inatchling inensuite were iqiite local. Witlh thle nodilied
coPumtutlk Into thfe stereo systemn, to follow edge flndlng anti precede aplproach, Ltii torrespondeitce merasure In ao fuictlon of (tuitog other,
edige matching. mitre statsti-lely hi)aset paritens'~r) the raitto of edge extents. 'in pair.
The. second part of the sereo syntemt s analysis is an intensity carrel&. ti1rotlar, the ilkehhiod of cige elemen'it a it if e left initage matching edge
lion process. This operates along epipolfir lines as well, anad clearly elemiet It. lit the right Image dependsi out the product of the ratios of
retulres Intensity hfrnf~ioa to be accessible along epipoclar lin ".. One tile two iipper extenlts (tip fromt thle edge eleiments) and thet two lower
sithtutlon In this wooldl be to take the~ originald intagoe pair ainti have the eutetits (dlown, fromt tire two edge ceentt).
eforecor rolato, inrt change Ampn~e, site, arid orientition as It maose
oormtond lime lutage; t his Its an awitwairri and purobabthly ionneressary ecoin.
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when lintage ti'stlng begim with all or the nhove aciplselather 0: R efe re nes
proliltu Itei li' apparenlt: thte stervo mysteill hoiltid In a iiiichino
iaritectutre with it iwiuaIm orii 2511K wiwitt r itt mtry , aid aiiwna [Arnbld I10801 Arnold, f.Iu)., and 'to. I'linfard, "GCouietric Constraints
tightly wedlgedi 1ttywity, hado growni with these chainges to thre potitt that. lit Sereo Vision," Suc 'ae. Po-Oplieal Insir, Engincers,
ttly smiiall porlttot, or imtages could he( worked ott at one. 'Thuos crime Vol. 2:18, Imtoage I'rocesiitg rt Missile C itdance,
to exist at windlow jg iechann~imn~ win ict edlge II oditg/ loadintg and 1080, 281 -202.
atereq, ittiittching lt(oemotiS. [Arnold 108:11 Arnold, It. David, "Autoryinted Stereo P'erception,"

Our testing has been protgressing on several sets ort imagery: a ayn. DepartnietoratCotuptttr Scictice, Stanford Untiversity,
thetice iniage pair fromt Cntroll D~ata Ctoration, tn aerial acetic 1110), thiesisi, 1083.
tront the Eniginieeriing TIopograpthic Laltaratory, antd a building scene [llaker 10811 Baker, ]L. Ilarlyn, "Depth from ledge anti Intensity
or Sarramnitto. We will report ott the results of these analyses at a Based Stereo," Uuiveritiy at Illitnois, Pi). thesis,
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